This paper reviews recent work in the area of silicon photonic devices and circuits for monolithic and heterogeneous integration of circuits and systems on a chip. In this context, it presents fabrication results for producing low-loss silicon waveguides without etching. Resonators and add-drop distributed filters utilizing sidewall modulation fabricated in a single lithography and etching step are demonstrated. It also presents an optical pulse compressor that monolithically integrates self-phase modulation and anomalous dispersion compensation devices on a silicon chip. As an example of heterogeneous integration, we demonstrate vertical emitting metallo-dielectric nanolasers integrated onto a silicon platform. Future research directions toward large-scale photonic circuits and systems on a chip also are discussed.
Introduction
Silicon-based integrated photonics has seen tremendous growth in the past decade [1] . The large refractive index of silicon (compared with glasses and polymers) results in tighter bends, smaller footprints, and higher field localization in integrated photonic circuits, making this technology advantageous for dense chip-scale integration. In addition, doping of waveguide profiles allows for the implementation of electro-optic photonic subcomponents (such as modulators and detectors) in a monolithic platform. All of this, coupled with the benefits of leveraging the existing semiconductor fabrication infrastructure of the electronics industry for costeffective manufacturing of photonic devices, has resulted in an impressive body of work on this topic in the past decade.
Early attempts to utilize silicon as a waveguiding platform made use of the refractive index difference in doped layers [2] . Drawbacks of this approach include the low-modal confinement and losses incurred because of free-carrier absorption in the doped layers. The advent of silicon-on-insulator (SOI) wafer production technologies, such as SIMOX [3] and SmartCut [4, 5] opened up a new chapter in this area.
Optical properties, such as linear absorption of silicon in the telecommunications spectral band, can be controlled over a wide range by varying the doping density. Low doping densities (around 10 15 cm −3 ) result in losses as small as 0.01 dB∕cm, which can enable the fabrication on-chip waveguides at meterlong scales [6] . Conversely, highly doped p-i-n structures utilizing carrier-induced refractive index change can be used to fabricate amplitude [7] and phase modulators [8] . The nonlinear optical properties of silicon have both advantages and disadvantages: the nonlinear optical coefficients in silicon are much larger than in glass, which enables the creation of compact on-chip nonlinear photonic devices [9] . Two-photon absorption at telecommunication wavelengths, however, becomes a detrimental process in many nonlinear devices, such as wave mixers and Raman lasers [10] .
Light generation is an area in which silicon falls short of its III-V counterparts. Recent lasing results with germanium grown on silicon may offer a solution for directly grown lasers on a silicon platform [11] ; at present, however, hybrid lasers fabricated through wafer bonding [12] would seem to offer a timely practical alternative.
The following presents ongoing work in several areas of silicon photonics: Section 2 describes fabrication methodologies to achieve low-loss etchless waveguides [13] . Section 3 describes the design of resonant nanophotonic devices based on exploiting one-step lithography of sidewall-modulated silicon nanowires [14] [15] [16] [17] . Nonlinear devices in silicon, including a monolithically integrated silicon-based nonlinear photonic chip are presented in Section 4 [9] , and an example of integration of light sources into silicon platform using heterogeneous integration of III-V compound semiconductors with Si photonics is described in Section 5 [18] . Section 6 provides a summary and discussion of future directions.
Etchless Fabrication of Low-Loss Photonic Waveguides in SOI
The creation of waveguides in SOI is dominantly a question of lateral confinement of the optical mode; vertical confinement is already provided by the underlying buried oxide layer. To induce lateral confinement, the silicon device layer needs to be patterned into a ridge of appropriate height. This can be achieved through a variety of dry-or wet-etching steps, with dry etching being the tool of choice because of the increased control over waveguide profile. Standard chemistries for silicon dry etching usually involve the use of halogens, such as fluorine (SF 6 , CF 4 ), chlorine (BCl 3 ), or bromine (HBr). Each of these choices, coupled with the appropriate etching technology [reactive ion etching (RIE), inductively coupled RIE, chemically assisted ion beam etching] will result in a characteristic etch profile and surface roughness. Minimizing the roughness and controlling the modal overlap with the verticaletched sidewall has been shown to be of crucial importance in achieving low-loss SOI waveguides [6] .
Instead of direct etching of the silicon layer, a variety of etchless waveguide fabrication techniques using local oxidation of silicon (LOCOS) with different mask materials have been proposed as alternative fabrication approaches for creating low-loss waveguides [19, 20] . The main advantage of using LOCOS is that instead of etching the silicon layer directly, only the mask is patterned and subsequently the pattern is transferred into silicon using an oxidation step.
The shared commonality in all of these approaches, however, is the need for a plasma or wet-etch step to define and pattern the mask. In our approach, we propose and demonstrate an alternative process that completely bypasses the etching step. In addition to improving the loss characteristics of the resultant waveguides, our approach also simplifies the overall fabrication process considerably, which can result in a distinct economic advantage of this fabrication technique.
To create a mask for LOCOS, the mask must be able to withstand the high temperature of the oxidation process (typically 900°C or more), so organic masks are not suitable for this purpose. Because of the partial overlap of the mode with the oxidation mask, the mask should have low optical loss or be removed in the final step.
In our approach [13] , we chose hydrogen silsequioxane (HSQ) as a candidate for the oxidation mask. HSQ is a cage-like siloxane-based polymer with the general formula HSiO 3∕2 2n for which every silicon atom is bound to three oxygen atoms and one hydrogen atom, forming a three-dimensional ladder structure. Because it is readily patterned using e-beam lithography, it can be used directly as a mask without the need for an additional etching step. Also, it has been shown that annealing HSQ at high temperatures in an oxygen-rich environment will convert it to a glass-like compound with excellent optical properties. Therefore, after performing the oxidation step to define the silicon waveguides, there will be no need to remove the HSQ, because it effectively becomes one with the thermal oxide.
An important requirement of the oxidation mask is that it should form an (ideally) impenetrable barrier to the oxygen atoms to protect the underlying silicon from oxidation. For HSQ, this can be satisfied by creating a relatively thick mask (500-800 nm). Such a layer will form a semi-impervious barrier to oxygen, while still being patternable with e-beam lithography. Most standard recipes for HSQ, however, are tailored to thin layers (resist thicknesses of at most 200 nanometers). Using these standard recipes for patterning, a thick layer of HSQ will result in sloping sidewalls and proximity effects resulting from overexposure in small gaps [ Fig. 1(a) ]. To create well-defined patterns in thick HSQ, we used a highcontrast recipe that resulted in excellent gap clearance and steep sidewalls [ Fig. 1(b) ].
Oxidation was performed in a tube furnace at a temperature of 1120°C and an oxygen flow of 10 sccm. By controlling the duration of oxidation and thickness of the HSQ, we were able to create both rib and buried channel-type waveguides (Fig. 2) . To protect the surface of the chips and to create a more symmetric structure, 2000 nm of SiO 2 was deposited via plasma enhanced chemical vapor deposition (PECVD) on the chip surface.
To characterize the waveguide losses, waveguide lengths on the order of centimeters were required, which are not easy to achieve with direct electron beam (EB) writing because of the limited write-field sizes. Resonant techniques to characterize waveguide loss, on the other hand, can be implemented using smaller structures [21] . To characterize the waveguide losses, we fabricated ring resonators weakly coupled to straight waveguides (to minimize the coupler losses). For these samples, the HSQ width and height were 900 nm × 650 nm and the oxidation time was 6 h, resulting in a rib-type waveguide. The measured transmission spectrum in Fig. 3 (a) corresponds to a ring with a radius of 150 μm (a comparatively large radius was chosen to minimize the radiation losses) and a waveguide-ring gap of 700 nm. The measured group index is 3.22, calculated from the free spectral range (FSR) of 0.845 nm. Single resonances as narrow as 1.3 pm were measured [ Fig. 3(b) ]. Some of the resonances exhibit mode splitting [ Fig. 3(c) ], which has been attributed to backscattering and also to degeneracy breaking resulting from the presence of the coupler. To account for this splitting, the resonance was modeled as an inverted double Lorentzian, from which the overall linewidth was extracted by a weighted combination of the two linewidths Fig. 3(c) ]. The extracted loss from this set of resonances yields an average loss of 0.49 dB∕cm and a minimum loss of 0.35 dB∕cm. This corresponds to an intrinsic Q factor of 1.57 × 10 6 , where Q int 2πn g ∕α dB λ 0 × 10 log 10 e and α dB is the waveguide loss in decibels per unit length. A portion of this loss is due to such factors as losses in the HSQ mask and PECVD cladding, leakage into the silicon substrate, and some radiation loss from the ring. In addition, mode splitting may result in a reduction of the overall Q factor. Taking all of these effects into consideration, it is likely that the actual waveguide loss is less than the measured 0.35 dB∕cm.
This approach offers a completely etch-free technique to fabricate silicon waveguides with extremely low losses, approaching the value of bulk silicon loss of 0.2 dB∕cm. It demonstrates that passive components such as high-Q ring resonators can be fabricated using this technique. Further control over the waveguide shape is possible by changing the thickness of the HSQ and oxidation time. The high quality of the waveguides, coupled with the fact that this process requires only a single oxidation step and completely eliminates the need for plasma-etching equipment (which can result in substantial cost and time saving in the fabrication process), makes this approach an attractive alternative to conventional etch-based fabrication processes.
Sidewall-Modulated Resonant Devices
The development of compact devices using a single lithographic step is essential for cost-effective manufacturing with the standard silicon technology. We have thus far constructed compact silicon photonic devices using sidewall-modulated waveguide grating [14] [15] [16] [22] [23] [24] [25] 17] . The sidewalls of a channeltype waveguide are modulated to impose a Bragg condition for the propagating waveguide modes. This structure can be simply integrated upon the definition of the waveguide geometry with no additional lithographic process, whereas horizontal gratings require an additional process after fabricating the waveguide. Moreover, this structure achieves weak index modulation as opposed to the one-dimensional photonic crystal (PhC) waveguide, which is advantageous in narrow-band filters for dense wavelength division multiplexing (WDM). In this section, we review our devices based on the waveguide grating, focusing on the basic device concepts, such as a resonant modulator [14, 15] and a WDM filter [16, 17] . Other advanced concepts, such as group velocity dispersion engineering [22, 24] and cladding modulation for weaker index modulation [23, 25] , are referenced for interested readers.
The top and cross-sectional views of the structure under consideration are shown in Fig. 4 [15] . We calculated the coupling coefficient κ and its reciprocal, the Bragg length L B , for the dimensions in Fig. 3 This concept can be extended to the design of WDM add-drop filters utilizing near-field phenomena between coupled resonant waveguides [17] . The adddrop filter schematic is shown in Fig. 7 . The device is implemented on an SOI chip with a 250 nm layer of Si on a 3 μm buried oxide layer. Two channel waveguides with widths W 1 500 nm and W 2 400 nm with sinusoidally corrugated sidewalls (period Λ B and amplitudes ΔW 1 50 nm and ΔW 2 30 nm) are separated by a gap G. The sidewall modulation results in an effective index modulation, and three Bragg conditions arise. The first two govern the coupling of counterpropagating modes within each waveguide and are responsible for the FSR of the device. The third Bragg condition governs the add-drop functionality based on the following coupled mode equations:
where E 1;2 are the complex electric fields and β 1;2 are the propagation constants for the right and left waveguides, respectively. Δβλ β 1 λ−β 2 λ is the Bragg detuning and κz κ 0 ·f z is the coupling coefficient, where κ 0 is the maximum value of the coupling coefficient and f z cos 2π·z∕L is the apodization function. For a Bragg wavelength λ B of 1.55 μm, we fix the grating period Λ B λ B ∕n eff 1 λ B n eff 2 λ B 318 nm, where n eff 1 and n eff 2 are calculated using a fully vectorial mode solver. The self-Bragg wavelengths for the right and left waveguides are calculated using λ 1;2 2·n eff 1;2 λ 1;2 ·Λ B 1.51, 1.59 μm, respectively, thus establishing the upper and lower limits of the device FSR, which spans the entire C-band. Increasing G results in a smaller overlap integral between the counterpropagating fields of E 1;2 , leading to a lower κ 0 and consequently a smaller channel bandwidth.
Tailoring of the drop-port wavelength is accomplished by changing W 2 (or changing n eff 2 ). Therefore, by cascading several add-drop filters with slightly different values of W 2 , a multichannel wavelength division multi-demultiplexer available for the entire C-band may be implemented. We have demonstrated a 1 × 4 WDM filter based on the previous structure. The fabrication procedure is similar to that already described. First, add-drop filters with different G (see Fig. 7 for a definition) were fabricated to demonstrate tailoring of the device bandwidth. The channel bandwidth was observed to decrease from 3 to 1.5 nm as G is increased from 60 to 160 nm, as expected from a decrease in the coupling coefficient. In addition to the channel bandwidth, tailoring of the channel wavelength is necessary for the implementation of a WDM filter. To demonstrate the feasibility of placing additional channels, we fabricated two filters with slightly different W 2 of 380 and 400 nm, and other parameters, L 400 μm and G 60 nm. The measured dropport spectra are plotted in Fig. 8 . We obtained the expected channel wavelengths of 1.548 and 1.560 μm. Additional channels can be similarly implemented and accurately positioned by careful design of W 2 .
A 1 × 4 WDM filter with a target channel bandwidth of 3 nm also was designed and fabricated. The target design parameters are a flat passband, low channel cross talk, and low insertion loss. The wide channel bandwidth eliminates the need for active thermal tuning to counteract temperatureinduced changes in channel wavelength. The values of W 2 for each channel are adjusted such that each WDM port is separated by 6 nm. Figure 9 shows the measured spectra of each of the drop ports and the transmission port. A flat passband with a ripple less than 1 dB within the 3 dB bandwidth of 3 nm and (a) (b) a 6 nm channel separation have been achieved together with a low insertion loss of ∼1 dB and 16 dB cross talk suppression. Unlike add-drop filters implemented using ring resonators, the WDM is not FSR limited within the C-band. The ultracompact, complementary metal-oxide-semiconductor (CMOS)-compatible design makes it particularly suited for optical interconnects for use in future computing technologies.
Nonlinear Effects in Resonant Grating Silicon Devices
As indicated, nonlinear optical effects in silicon are enhanced as compared with most of the glasses. In this section, we describe our recent work on nonlinear devices using some of our resonant grating device technologies to realize such functionality as optical bistability and pulse compression. Bistable photonic waveguides are a potential foundation for optical signal processing because their response displays hysteresis and nonlinearity, which can be exploited to perform modulation and switching, perform combinatorial and sequential logic, and serve as optical memory [26] . The physical mechanism responsible for bistability is the optical nonlinearity in the index of refraction of the guiding
Waveguide bistability has been demonstrated in a number of distinct configurations. The counterpropagating fields within periodically structured waveguides can give rise to bistable behavior [27] . This type of device possesses a high packing density; however, the operating power requirements are high. Bistability can arise in a variety of resonant cavities, produced from PhCs [28] and ring resonators [29] [30] [31] . The common feature of resonant designs is reduced operating power. PhC and ring resonators both suffer from large footprints and low packing densities, however.
This section describes a bistable resonator formed by a pair of distributed Bragg reflectors (DBRs) in a Fabry-Perot configuration [32] . This design retains the advantages of low operating power without sacrificing high packing density. The device topology is similar to the sidewall-modulated device shown in Fig. 4 , but with a larger cavity size. The device is composed of a 500 nm wide by 250 nm tall SOI waveguide fabricated by standard lithography and plasma-enhanced chemical vapor deposition techniques. The DBR elements are created by modulating the waveguide width by 10%. The modulation period is 304 nm and each DBR is 94 periods long. The resonant cavity is 200.225 μm in length. Evidence of bistability in the device response is shown in Figs. 10 and 11. The asymmetry and abrupt transition of the resonant peak that develops at high pump powers is indicative of bistability. Likewise, hysteresis in the resonance transfer function also is observed.
From a design standpoint, packing density considerations will become crucial in applications that demand small free spectra range resonators, or equivalently those with large cavities, such as narrowband filters [33] . For extremely small-scale devices, PhC or DBR resonators will be preferred because they do not suffer from bending loss, unlike ring resonators. Likewise, wavelength selective applications will benefit primarily from the designs that naturally possess a degree of wavelength selectivity, which include the nonresonant periodically structured waveguide design, and the resonant PhC and DBR designs. Finally, it is worth noting that DBRs are capable of implementing certain signal processing functions, such as broadband filtering and engineered dispersion [22] , without substantially increasing the device footprint or packing density. Optical pulse compression, the process of deriving ultrashort pulses from longer input pulses, is another application of nonlinear photonics. Particularly in the fields of optical communications, spectroscopy, and imaging, short pulses are necessary for achieving high speeds and resolution. Recent chip-scale demonstrations of optical pulse compression were achieved using the Kerr nonlinearity in a variety of materials; equilibrating the Kerr-induced frequency chirp and dispersion leads to temporal compression of optical pulses. Two possible schemes may be used to achieve compression. The first, involving a one-stage compressor, utilizes high-order soliton compression. In this scheme, the nonlinearity and requisite anomalous dispersion required for compression are distributed over the length of the waveguide. This technique has been implemented in silica channel waveguides [34] , as well as PhC waveguides on GaAs [35] and GaInP [36] . Compression factors demonstrated in the former two platforms were small. In the case of silica waveguides, this may be attributed to the relatively small Kerr nonlinearity. Stronger compression was demonstrated in the GaInP PhC waveguide, primarily because of a higher Kerr nonlinearity and slow light enhancement of the acquisition of nonlinear phase. Soliton-based pulse compressors, however, generally suffer from large pulse pedestals. The second scheme, involving a two-stage compressor, utilized a highly nonlinear medium in the first stage, followed by a highly anomalous dispersive element in the second stage to rephase the generated spectral components. The advantage of a two-stage compressor over the singlestage compressor lies in the ability to decouple the dispersion during the spectral broadening and rephasing stage of the compression process. This enables the pulse compressor to be designed to generate minimal pedestals. In this section, we describe a two-stage compressor implemented on silicon that has the highest compression factors demonstrated to date on a chip [9] . High compression factors of 7.0 are achieved with a low input peak power of 10 W.
The two-stage optical pulse compressor is shown in Fig. 12 . Temporally wide optical pulses entering the pulse compressor first undergo self-phase modulation in a silicon waveguide. To minimize the amount of power required for compression, the waveguide, 500 nm wide by 250 nm high is designed to have high mode confinement, leading to a small effective area, A eff of 0.145 μm 2 . After undergoing spectral broadening in the silicon waveguide, pulses enter the dispersive grating. Because self-phase modulation generates red-shifted frequency components, which travel faster than the blue-shifted components, the coupled dispersive grating generates anomalous dispersion. The red-and blue-shifted frequency components will then be delayed temporally and advanced respectively to approach a transform-limited pulse.
The nonlinear optical pulse compressor consists of a 6 mm long nanowire waveguide with a loss of 6 dB∕cm, and a 500 μm dispersive grating with a dispersion of 2.6 × 10 5 ps∕nm∕km [9, 22, 24] . To generate input pulses for compression, 200 fs pulses centered at 1.55 μm are derived from an optical parametric oscillator pumped by a Ti:sapphire laser at 830 nm at a repetition rate of 76 MHz. The pulses are filtered using a bandpass filter centered at 1.546 μm with 0.5 nm 3 dB bandwidth to generate 7 ps pulses, followed by amplification using an erbium-doped fiber amplifier (EDFA). The pulses are then adjusted for TE polarization before coupling into the nanowire waveguide, which is terminated with inverse tapers to increase coupling efficiency. Compressed pulses are first amplified using a low-noise EDFA before measurement with an autocorrelator. The temporal and spectral output of the EDFA is observed as a function of amplified power to ensure that no nonlinear effects, such as soliton formation occur within the amplifier.
The spectral output of the optical pulse compressor is first monitored as the peak input power is varied. As observed in Fig. 13(a) , the spectral broadening increases with the input peak power. Temporal evolution of the compressed pulses as the input peak power is increased is shown in Fig. 13(b) . The pulse width is observed to narrow as the peak input power is increased. An increase in compression is observed up to an input peak power of 10 W, where pulses of 1.0 ps (assuming Gaussian pulses) are obtained at the output of the compressor. The compressed pulse at this input peak power is closest to the transform limit, and the nonlinear phase acquired by the pulse is optimally matched to the phase introduced by the dispersive grating leading to optimal compression. As the input peak power is further increased beyond 10 W, pedestals begin to develop in the pulses; the fixed dispersion introduced by the grating is larger than the optimal value for a minimum timebandwidth product and a reduction in compressed pulse quality from the excess dispersion occurs. Next, the measured and calculated output pulse FWHM as a function of input peak power is shown in Fig. 14(a) . As the input peak power is increased, the measured compression factor plateaus at ∼7.7. This limit primarily is due to a higher than optimal dispersion introduced by the grating, and secondarily due to two-photon and free-carrier effects in limiting the extent of spectral broadening. At higher powers, however, the evolution of pulse profiles saturates in the presence of free carriers, while continuing to evolve in the absence of free carriers. A discontinuity in the output pulse FWHM is observed at ∼15 W in the absence of free carriers as a result of the compressed pulse pedestals exceeding the 50% level. These observations are consistent with free carriers limiting the acquisition of nonlinear phase at high powers. In addition, Fig. 14(b) shows the ratio of the output peak power to the input peak power. The ratio is observed to increase first as the input peak power is increased, consistent with the reduction in pulse duration. The measured ratio is further observed to reach a maximum at an input peak power of 10 W where the compression is optimum, before it starts to steadily fall off again from nonlinear losses. In addition, an increasing amount of energy is carried in the compressed pulse sidelobes at higher input powers, further contributing to the reduction in output peak power. The highest ratio of peak output to peak input power is obtained at an input of 10 W, representing optimal compression of the input pulses to a pulse FWHM of 1.0 ps.
The high compression factors demonstrated using this two-stage nonlinear optical pulse compressor on silicon makes it a highly viable tool for a variety of applications requiring short pulses. It is particularly suited for applications in ultrafast optical time division multiplexing to augment the data bandwidth and capacity in next-generation communication and computing networks.
Integrated Light Sources on Silicon Platform
Light sources are one of the essential building blocks of highly integrated photonic circuits. Despite the numerous advantages of silicon as a material base for CMOS platform and passive photonics, its indirect bandgap is a major hurdle in achieving light generation and amplification. III-V semiconductor compounds offer the benefits of a direct energy bandgap and high carrier mobility, which makes the III-V material system favorable for lasers, switches, and modulators. Integration of the two material systems is one of the possible solutions to photonic circuits with the full range of functionalities [12] .
Another closely related area in recent photonics research has been the miniaturization of coherent light sources to subwavelength dimensions. The small footprint of these devices is critical for building ultracompact and ultrafast photonic circuits for optical interconnects, on-chip optical communication, and sensing. In addition, such light sources may offer enhanced properties, such as faster switching times through Purcell enhancement. One approach to creating small lasing cavities is through the use of metals. The first metallo-dielectric laser, which operated at cryogenic temperatures, was demonstrated by Hill et al. [37] , and a room temperature version was demonstrated shortly afterward [38] . In the latter case, the cavity was optimized for achieving subwavelength size in all three dimensions coupled with minimal threshold. This was achieved through the use of a carefully designed dielectric shield [39] . The aforementioned lasers were fabricated in the III-V material system. To meet the goal of silicon compatibility for a nanoscale laser, we used the metallo-dielectric resonator concept together with plasma-assisted wafer bonding [40, 41] to create a silicon-compatible vertical emitting nanolaser [18] . The structure of a wafer bonded metallo-dielectric vertical-emitting nanolaser is schematically depicted in Fig. 15(a) . A layer of metal confines the electromagnetic fields within the cavity. The gain core is separated from the metal by a shield layer of low-index dielectric, which minimizes the ohmic loss. The dielectric regions with low effective index above and below the gain cylinder provide vertical confinement of the resonator mode, as lasing is in cutoff mode in those regions. The laser is pumped through the bottom aperture and the resultant emission is collected through the same aperture. Because the underside of the nanolaser needs to have a low refractive index, direct bonding to silicon would result in excessive radiation losses. Oxidizing the silicon wafer and bonding the III-V gain medium to this oxide; however, will create the necessary confinement and high Q required for lasing.
The silicon-dioxide shield thickness (200 nm) and gain core radius (250 nm) are optimized for minimum lasing threshold at a nominal wavelength of 1550 nm, assuming a total outer radius of the R out 460 nm. The dielectric layer has been optimized for the TE 012 mode [ Fig. 15(b) ], which has a wavelength cutoff in the cavity size range of interest, while still having a low threshold gain [39] .
The structures were fabricated using InGaAsP multiple quantum well (MQW) gain layer, bonded to a silicon wafer with an SiO 2 layer on top. The silicon wafers have a 6 μm thermally grown oxide layer on the surface. InGaAsP MQW active layer (∼500 nm in total) bonding to the SiO 2 ∕Si was achieved through low-temperature plasma-assisted wafer bonding. Next, a two-step RIE was carried out on the gain layer and SiO 2 using appropriate etching chemistry for each of the two materials [ Fig. 16(a) ]. e-Beam lithographic processing was performed on the sample, followed by PECVD deposition of SiO 2 [ Fig. 16(b) ] and sputtering with aluminum to create the dielectric shield and the metallic laser cavity.
To characterize the devices, we performed photoluminescence (PL) measurements on the fabricated samples. Room temperature lasing was observed in a sample with approximate gain core radius R core ≈ 450 nm and peak wavelength of 1496 nm. The light-light curves in linear and logarithmic scale are presented in Fig. 17(a) . The external threshold pump intensity, estimated from the curve, was 1100 W∕mm 2 . The corresponding linewidth is shown in the upper right inset of the figure.
For the 250 nm laser, lasing was observed at 77 K with a peak wavelength of 1527 nm, and a threshold of about 12 W∕mm 2 , as shown in Fig. 17(b) . The emission spectrum of this sample, measured after the light-light curve, was severely affected by material degradation and is not shown. The slope of the PL-related linear part of the log-log curve [see the inset of Fig. 17(b) ] is around 1.2, in contrast to the samples with R core ≈ 450 nm, for which the slope is close to unity. The PL region slope is larger than that of the small sample with 1527 nm lasing wavelength. A slope larger than unity indicates the significant presence of single-particle nonradiative processes. In the smaller nanolasers, the largest share of nonradiative events is likely to come from free-carrier recombination on the surface states, because the surface area to volume ratio of the 250 nm core radius sample is significantly larger compared with the 450 nm core radius nanolaser.
We demonstrated room temperature lasing from wafer-bonded metallo-dielectric lasers with gain core radius R core ≈ 450 nm and cryogenic temperature operation for structures with R core ≈ 250 nm. We believe that our approach to realize subwavelengthscale coherent sources, combined with the latest III-V-to-Si wafer-bonding methods, is a promising path for the ultimate miniaturization and realization of highly integrated silicon photonic devices, amenable for room temperature operation. Possible future research in this area can include improvement to cavity quality factor through improved etching, bonding, deposition, and material choices. In addition, incorporating electrically pumped metallodielectric nanolasers [42] into a silicon platform using a similar bonding approach is of great interest for silicon photonic interconnects.
Summary and Discussion
We described several examples of advanced research on photonic devices and components necessary for chip-scale integration of nanophotonic circuits and systems. Specifically, we described fabrication methodologies that offer a completely etch-free fabrication of silicon waveguides with extremely low losses, approaching the value of bulk silicon loss. The process demonstrates that passive components, such as high-Q ring resonators can be fabricated using this technique. The high quality of the waveguides, coupled with fabrication that requires a single oxidation step (without plasma etching) makes this approach an attractive alternative to conventional fabrication methods.
Resonant Bragg-based devices that are fabricated using a single lithographic step have been shown to be useful for realization of various devices for achieving such functionalities as filtering, modulation, dispersion management, and add-drop filtering. An example of a compact 1 × 4 WDM filter with a target channel bandwidth of 3 nm was designed and fabricated. The fabricated device performance meets design parameters, such as a flat passband (ripple less than 1 dB within the 3 dB bandwidth), low channel cross talk (16 dB), and low insertion loss (∼1 dB). Unlike add-drop filters implemented using ring resonators, our WDM is not FSR limited within the C-band.
An example on monolithic integration to achieve high-pulse compression factors is demonstrated by integrating on the same chip a 6 mm long Si-waveguide for self-phase modulation followed by a chirp-coupled Bragg grating waveguide to realize anomalous dispersion necessary to convert the selfphase modulated pulses into shorter transformlimited pulses. An example on heterogeneous integration of III-V compound semiconductors integrated with SOI was employed to demonstrate an ultrasmall laser source based on composite metaldielectric semiconductor resonators.
We feel that our approach to fabrication, singlestep lithographic definition of complex device geometries, and examples of monolithic and heterogeneous integration show a promising path for the ultimate miniaturization and realization of highly integrated nanophotonic circuits and systems utilizing the SOI integration platform. Future research needs to be focused on the integration of discrete nanophotonic devices and components into more complex circuits and systems providing the necessary functionality driven by various applications. Moreover, in the future, we will need to further advance and exploit novel approaches to engineering nanoscale composite materials with properties not available in their bulk constituents [43] [44] [45] [46] [47] [48] [49] [50] [51] as well as synthesizing composite materials nanostructures that can localize optical field modes to scales relevant to quantum phenomena. 
